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Abstract: In this study we investigate jet interaction at a microscopic level in a cosmological
environment, which responds to a key open question in the study of relativistic jets. Using small
simulation systems during prior research, we initially studied the evolution of both electron-proton
and electron-positron relativistic jets containing helical magnetic fields, by focusing on their
interactions with an ambient plasma. Here, using larger jet radii, we have performed simulations
of global jets containing helical magnetic fields in order to examine how helical magnetic fields
affect kinetic instabilities such as the Weibel instability, the kinetic Kelvin-Helmholtz instability
(kKHI) and the Mushroom instability (MI). We found that the evolution of global jets strongly
depends on the size of the jet radius. For example, phase bunching of jet electrons, in particular
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in the electron-proton jet, is mixed with larger jet radius due to the more complicated structures of
magnetic fields with excited kinetic instabilities. In our simulation study these kinetic instabilities
lead to new types of instabilities in global jets. In the electron-proton jet simulation a modified
recollimation occurs and jet electrons are strongly perturbed. In the electron-positron jet simulation
mixed kinetic instabilities occur at early times followed by a turbulence-like structure. Simulations
using much larger (and longer) systems are further required in order to thoroughly investigate the
evolution of global jets containing helical magnetic fields.
Keywords: relativistic jets; particle-in-cell simulations; global jets; helical magnetic fields; kinetic
instabilities; kink-like instability; recollimation shocks; polarized radiation
1. Introduction
Relativistic jets are collimated plasma outflows associated with active galactic nuclei (AGN),
gamma-ray bursts (GRBs), and pulsars (e.g., [1]). Among these astrophysical systems, blazars and
GRB jets produce the most luminous phenomena in the universe (e.g., [2]). Despite extensive
observational and theoretical investigations, including simulation studies, our understanding of their
formation, their interaction and evolution in the ambient plasma, and consequently their observable
properties such as time-dependent flux and polarity (e.g., [3]), remains quite limited.
Astrophysical jets are ubiquitous in the universe and providemany essential plasma phenomena
such as interaction with interstellar medium, generation of magnetic fields, turbulence, reconnection
and particle acceleration. Many of the processes that determine the behavior of global relativistic
jets are very complex, involving plasma physics and often coupling global, large-scale dynamics
to microscopic processes that occur on short spatial and temporal scales associated with plasma
kinetic effects. We have carried out kinetic plasma simulations using our relativistic particle-in-cell
(RPIC) code, with the intent to advance our knowledge of global relativistic jets with helical magnetic
fields and associated phenomena such as particle acceleration, kinetic reconnection and turbulence,
which cannot be investigated with fluid models (i.e., relativistic magnetohydrodynamic (RMHD)
simulations).
Recently, we performed “global” jet simulations involving the injection of a cylindrical
unmagnetized jet into an ambient plasma in order to investigate shock (Weibel instability) and
velocity shear instabilities (kKHI and Mushroom instability (MI)) simultaneously [4]. In this paper
we will describe the preliminary results of this new study of global relativistic jets containing helical
magnetic fields.
2. Simulation Setups of Global Jet Simulations
Jets generated from black holes, which are then injected into the ambient interstellar medium
contain magnetic fields that are thought to be helically twisted. Based on this understanding, we
performed global simulations of jets containing helical magnetic fields injected into an ambient
medium (e.g., [5,6]). The key issue we investigated is how the helical magnetic fields affect the growth
of the kKHI, the MI, and theWeibel instability. RMHD simulations demonstrated that jets containing
helical magnetic fields develop kink instability (e.g., [7–9]). Since our RPIC simulations are large
enough to include a kink instability, we found a kink-like instability in our electron-proton jet case.
2.1. Helical Magnetic Field Structure
In our simulations [5], cylindrical jets are injected with a helical magnetic field implemented
like that in RMHD simulations performed by Mizuno et al. [10]. Our simulations use Cartesian
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coordinates. Since α = 1, Equations (9)–(11) from [10] are reduced to Equation (1), and the magnetic
field takes the form:
Bx =
B0
[1+ (r/a)2]
, Bφ =
(r/a)B0
[1+ (r/a)2]
(1)
The toroidal magnetic field is created by a current +Jx(y, z) in the positive x-direction, so that
defined in Cartesian coordinates:
By(y, z) =
((z − zjc)/a)B0
[1+ (r/a)2]
, Bz(y, z) = −
((y − yjc)/a)B0
[1+ (r/a)2]
. (2)
Here a is the characteristic length-scale of the helical magnetic field, (yjc, zjc) is the center of
the jet, and r =
√
(y − yjc)2 + (z − zjc)2. The chosen helicity is defined through Equation (2), which
has a left-handed polarity with positive B0. At the jet orifice, we implement the helical magnetic
field without the motional electric fields. This corresponds to a toroidal magnetic field generated
self-consistently by jet particles moving along the +x-direction.
2.2. Magnetic Fields in Helically Magnetized RPIC Jets with Larger Jet Radius
As an initial step, we examined how the helical magnetic field modifies jet evolution using
a small system before performing larger-scale simulations. A schematic of the simulation injection
setup is used in our previouswork [5]. In these small system simulations, we utilized a numerical grid
with (Lx, Ly, Lz) = (645∆, 131∆, 131∆) (simulation cell size: ∆ = 1) and periodic boundary conditions
in transverse directions with jet radius rjt = 20∆. The jet and ambient (electron) plasma number
density measured in the simulation frame is njt = 8 and nam = 12, respectively. This set of densities
of jet and ambient plasmas is used in our previous simulations [4–6]
In the simulations, the electron skin depth λs = c/ωpe = 10.0∆, where c is the speed of light,
ωpe = (e2nam/ǫ0me)1/2 is the electron plasma frequency, and the electron Debye length for the
ambient electrons is λD = 0.5∆. The jet–electron thermal velocity is vjt,th,e = 0.014c in the jet reference
frame. The electron thermal velocity in the ambient plasma is vam,th,e = 0.03c, and ion thermal
velocities are smaller by (mi/me)1/2. Simulations were performed using an electron–positron (e±)
plasma or an electron–proton (e− –p+ with mp/me = 1836) plasma for the jet Lorentz factor of 15 and
with the ambient plasma at rest (vam = 0).
In the simulations we use the initial magnetic field amplitude parameter B0 = 0.1c, (c = 1
), (σ = B2/nemeγjetc2 = 2.8× 10−3 ), and a = 0.25 ∗ rjt. The helical field structure inside the jet
is defined by Equations (1) and (2). For the external magnetic fields, we use a damping function
exp [−(r − rjt)2/b] (r ≥ rjt) that multiplies Equations (1) and (2) with the tapering parameter b = 200.
The final profiles of the helical magnetic field components are similar to that in the case where jet
radius rjt = 20∆, the only difference is a = 0.25 ∗ rjt.
In this report we maintain all simulation parameters as described above except jet radius and
simulation size (adjusted based on the jet radius). We have performed simulations with larger jet
radii rjt = 40∆, 80∆, and 120∆. In these small system simulations, we utilize a numerical grid with
(Lx , Ly, Lz) = (645∆, 257∆, 257∆), (645∆, 509∆, 509∆), (645∆, 761∆, 761∆) (simulation cell size: ∆ = 1).
The cylindrical jet with jet radius rjt = 40∆, 80∆, and 120∆ is injected in the middle of the y – z
plane ((yjc, zjc) = (129∆, 129∆), (252∆, 252∆), (381∆, 381∆)) at x = 100∆, respectively. The largest jet
radius (rjt = 120∆) is larger than that (rjt = 100∆) in [4], but the simulation length is much shorter
(x = 2005∆).
Figure 1 shows the y component of the magnetic field (By) in the jet radius with rjet =
20∆ and80∆. The initial helical magnetic field (left-handed; clockwise viewed from the jet front) is
enhanced and disrupted due to the instabilities for both cases.
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Figure 1. Isocontour plots of the azimuthal component of magnetic field By intensity at the center of the jets for
e− − p+ ((a) and (c)) e± ((b) and (d)) jets; with rjet = 20∆ ((a) and (b)) rjet = 80∆ ((c) and (d)) at time t = 500ω−1pe .
The disruption of helical magnetic fields are caused by instabilities and/or reconnection. The max/min numbers
of panels are (a) ±2.645, (b) ± 2.427, (c) ± 3.915, (d) ±1.848.
Even as a result of shorter simulation systems, the growing instabilities are affected by the
helical magnetic fields. These complicated patterns of By are generated by the currents generated
by instabilities in jets. The larger jet radius contributes more modes of instabilities to grow in the jets,
which make the jet structures more complicated. The simple recollimation shock generated in the
small jet radius is shown in Figs. 1(a) and 1(b) [5]. We need to perform longer simulations in order to
investigate full development of instabilities and jets with helical magnetic fields.
(a) (b)
Figure 2. Panels show 3D iso-surface plots of the current (Jx) of jet electrons for e− –p+ (a) and e± (b) jet with
rjet = 80∆ at time t = 500ω−1pe . The lines show the magnetic field stream lines in the quadrant of the front part of
jets. The color scales for contour (upper left) for (a) and (b): red 10; orange 3.33; right blue −3.33. blue −10. The
color scales of streaming lines (a) (2.89, 1.53, 0.174, −1.2, −2.54) ×105; (b) (5.01, 2.21, −0.592, −3.39, −6.19) ×104.
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In order to investigate 3D structures of averaged jet electron current (Jx) we plot it in the 3D
(420 ≤ x/∆ ≤ 620, 152 ≤ y, z/∆ ≤ 352) region of the jet front.
Figure 2 shows the current (Jx) of jet electrons for e− –p+ (a) and e± (b) jets. The cross sections
at x/∆ = 520, y/∆ = 252 and surfaces of jets show complicated patterns, which are generated by
instabilities with the magnetic field lines.
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Figure 3. Panels (a) and (b) show 2D plot of the Lorentz factor of jet electrons for e− –p+ (a) and e± (b) jet with
rjet = 120∆ at time t = 500ω−1pe . The arrows (black spots) show the magnetic fields in the x − z plane.
In order to determine particle acceleration we calculated the Lorentz factor of jet electrons in the
cases with rjet = 120∆ as shown in Fig. 3. These patterns of Lorentz factor coincide with the changing
directions of local magnetic fields that are generated by instabilities. The directions of magnetic fields
are indicated by the arrows (black spots), which can be seen with magnification. The directions of
magnetic fields are determined by the generated instabilities. The structures at the edge of jets are
generated by the kKHI. The plots of Lorentz factor in the y − z plane show the MI in the circular edge
of the jets (the x component of current Jx) as shown in Figure S1.
(a) (b)
Figure 4. Panels show 3D iso-surface plots of the Lorentz factor of jet electrons for e− –p+ (a) and e± (b) jet with
rjet = 120∆ at time t = 500ω−1pe . The lines show the magnetic field stream lines in the quadrant of the front part of
jets. The color scales for contour (upper left) for both (a) and (b): red 20.0; orange 13.67; right blue 7.33. blue 1. The
color scales of streaming lines (a) (5.92, 3.52, 0.174, −1.29, −3.70)×10−1; (b) (3.96, 2.21, 0.453, −1.30, −3.05)×10−1.
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In order to investigate 3D structures of the averaged jet electron Lorentz factor, we plot
iso-surface of it in 3D (320 ≤ x/∆ ≤ 620, 381 ≤ y, z/∆ ≤ 531) of a quadrant of the jet front.
Figure 4 shows the Lorentz factor of jet electrons for e− –p+ (a) and e± (b) jet. The cross sections
and surfaces of jets show complicated patterns that are generated by instabilities with the magnetic
field lines.
In both cases with the jet radii larger than rjet = 80∆, at the jet surfaces kKHI and MI are
generated, and inside the jets theWeibel instability is generatedwith kink-like instability, in particular
in the electron-proton jet. We aim to investigate further using different parameters including a, which
determines the structure of helical magnetic fields in Equations (1) and (2).
3. Discussion
The global jet simulations with large jet radii show the importance of a larger jet radius in
RPIC simulations for investigating in-tandem the macroscopic processes incorporated in RMHD
simulations. Due to mixed modes of generated instabilities, jet electrons in phase space show little
or no bunching in comparison to those with jet radius rjet = 20∆ as shown in Figs. 5(a) and 5(b) in
the previous report [5]. Consequently, recollimation shocks occur rather in the center of jets, which
is dependent on the value of a in Eqs. (1) and (2). Further simulations with different values of a are
required for investigating the evolution of kinetic instabilities in global jets.
These simulations show that the energy stored in helical magnetic fields is released due to the
excitations of kinetic instabilities such as kKHI, MI and theWeibel instability with kink-like instability.
Consequently, electrons are accelerated and turbulent magnetic fields are generated, which provide
polarity.
MacDonald &Marscher [3] have developed a radiative transfer scheme that allows the Turbulent
Extreme Multi-Zone (TEMZ) code to produce simulated images of the time-dependent linearly and
circularly polarized intensity at different radio frequencies. Using this technique with our simulation
results, we have produced synthetic polarized emission maps that highlight the linear and circular
polarization expected within the model. We will discuss these findings in a separate paper.
We plan to perform additional simulations using a larger jet radius and longer systems in order
to investigate the full dynamics of jet evolution and interactionwith ambientmediums via developing
instabilities.
Supplementary Materials: The following are available online at www.mdpi.com/link, Figure S1: title, Table S1:
title, Video S1: title.
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